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Abstract. Structure and interactions stabilising the lamellar stack of mixed lipid bilayers in their fluid
state are investigated by means of small-angle X-ray scattering. The (electrically neutral) bilayers are
composed of a mixtures of lecithin, a zwitterionic phospholipid, and Simulsol, a non-ionic cosurfactant
with an ethoxylated polar head. The soft confinement of the bilayer hydrophilic components is varied
by changing hydration and bilayer composition, as well as the length of the cosurfactant polar head.
Structural transitions are observed at low hydration, in the stacking order for the longer cosurfactant,
and in the mixed bilayers for the shorter one. At higher hydration, the swelling of the lamellar stacks
occurs with a significant, but continuous evolution in the mixed bilayer structure. The bilayer structural
changes are discussed in analogy with the so-called “brush-to-mushroom” transition induced by lateral
confinement, relevant for long linear polymers grafted onto rigid surfaces, taking also into account the role
of vertical confinement.

1 Introduction

From mixture of lipids and water, multilamellar systems
may naturally emerge. In such self-assembled systems, a
periodic structure is formed by stacking lipid bilayers and
layers of water. In the case where there is no in-plane or-
der in the bilayers—in their so-called “fluid state”—the
system exhibits the symmetry of a smectic A phase, com-
monly referred to as a lamellar Lα phase in the context of
lipid materials.

Local (bilayer), as well as global phase properties
may be altered by mixing lipids with other amphiphilic
molecules, surfactants or amphiphilic polymers for in-
stance, one motivation being the design of, e.g., biosen-
sors [1–4] or delivery systems in the form of liposomes [3,
5, 6].

In view of tailoring the targeted applications of the
resulting multilamellar lipid stacks, it is often convenient
to describe the effects of altering the bilayer composition
in terms of physical properties such as bilayer curvature
elasticity and inter-bilayer interactions. Since the semi-
nal paper by W. Helfrich theoretically introducing steric
(also known as undulation) interactions in multilayer sys-
tems [7], and the first experimental evidence for the undu-
lation mechanism [8, 9], such an approach has been quite
fruitful. For instance, in line with the theoretical predic-
tion given in ref. [10], adding a co-surfactant (1-pentanol)
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to a dimyristoyl phosphatidylcholine-based lamellar sys-
tem was shown to strikingly decrease the bilayer bend-
ing modulus κ from a value of, typically, 25kBT [11] to
≈ kBT [12] with, as a consequence of the resulting en-
hanced steric repulsion between bilayers, a spectacular
increase of the dilution limit of the lamellar stack. Ma-
nipulating electrostatic interactions, or various kinds of
polymer-induced steric inter-bilayer interactions have ac-
cordingly been the subject of numerous studies, both from
the theoretical [13–18] and experimental [19–22] points of
view.

Here, we study with the above-described perspective
a lecithin-based lamellar system in the presence of a non-
ionic co-surfactant, a system which has shown its abil-
ity to efficiently encapsulate DNA fragments in spite of
the absence of any obvious direct electrostatic mechanism
at play [23–25]. The co-surfactant we use is an ethoxy-
lated fatty acid, i.e. a (short) non-ionic block copolymer
with amphiphilic properties. The present work expands
ref. [26], with a better control of the steric effects on both
curvature elasticity and interactions as we now use size-
sorted co-surfactant molecules.

The lamellar structure of the stacked bilayers is charac-
terised by means of small-angle X-ray scattering, polarised
light microscopy being also used as a complementary tech-
nique. Diffractograms are analysed in terms of the model
described in ref. [27], with improvements of the fitting
procedure as in ref. [28]. Bending elasticity of individual
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bilayers, as well as inter-bilayer interactions are charac-
terised by the value of the Caillé parameter η extracted
from data analysis, the latter also yielding both in-plane
and normal information about the bilayer structure at the
molecular scale.

The Caillé parameter, defined in terms of the two elas-
tic constants of a smectic A liquid crystal, namely the
splay constant K and the smectic layer compression mod-
ulus B by [29]

η =
q2
0kBT

8π
√

KB
(1)

is indeed useful in assessing bilayer physical properties as,
in simple limiting cases, the smectic splay constant K and
the bilayer bending modulus κ are related by [7]

K =
κ

�
, (2)

with � ≡ 2π/q0 the smectic period, while the following
equation relates the smectic compression modulus B to
the inter-bilayer interaction potential V (�) (potential en-
ergy per unit bilayer area, loosely speaking, but to be more
correctly designated as the free energy per unit bilayer
area of the bilayer stack) [7, 9, 30,31]

B = �
∂2V

∂�2
. (3)

We are interested in the effects of confinement on bi-
layer physical properties (as encapsulated in η values and
bilayer structure), where confinement, ultimately originat-
ing from local steric repulsive interactions, is to be un-
derstood along both stacking (vertical, z) and in-plane
(lateral, ⊥) directions: Vertical confinement is varied by
controlling the hydration of the lamellar stack (as in
refs. [24, 25]), but also by changing the molecular length
of the co-surfactant ethoxylated part—see below sect. 2.1.
Lateral confinement is primarily controlled by the co-
surfactant amount in the lipid bilayer—loosely speaking,
co-surfactant “grafting density” in analogy with systems
of polymer brushes [32]. It also indirectly depends on z-
confinement, as already suggested in ref. [26].

2 Materials and methods

2.1 Sample preparation

Soya lecithin (from Sigma-Aldrich) is a phosphatidyl-
choline (PC) lipid with a fatty acid component mostly
composed of linoleic acid (64%). As choline and phosphate
groups bear opposite electric charges, this lipid is zwit-
terionic. Its average molar mass is around 776 g mol−1.
The hydrophobic part of the Simulsol (from Seppic) co-
surfactants considered here is oleic acid, and is therefore
commensurate with the hydrophobic tails of the lipid. We
use here two Simulsols differing by their hydrophilic parts,
with either 16 or 6 ethoxylated monomers -CH2 − CH2-
O- and corresponding molar masses 987 g mol−1 or

547 g mol−1. These compounds will be referred to as, re-
spectively, Simulsol n = 16 and Simulsol n = 6. Though
tailored by the supplier for having the specified lengthes,
these Simulsols have (unknown) dispersities that are a pri-
ori comparable to the dispersity of Simulsol 2599 PHA
used for sample preparation in previous studies [24–26].
Simulsol 2599 PHA will be later referred to as Simulsol
〈n〉 = 10, as it contains 10 ethoxylated monomers on av-
erage, in a range extending from ca. n = 5 to n = 20
according to the supplier.

We prepare mixtures of lecithin and Simulsol at the
desired composition by cosolubilizing lipids and surfac-
tants in cyclohexane, lyophilisation for about a day being
then used to remove the organic solvent. Pure water in
appropriate amounts for reaching the desired hydration is
further added to the lyophilate. Samples are centrifuged,
typically twice a day for 10 minutes and at 2500 rpm, dur-
ing at least one week and conserved at 4 ◦C between cen-
trifuge cycles in order to reach homogeneity, checked vi-
sually. In this way, we formulate different bilayer compo-
sitions by varying the lecithin/Simulsol molar content, as
well as the Simulsol length. With Simulsol n = 16, only
one composition was prepared, namely L80/S20 in terms
of the lecithin/Simulsol molar ratio, a value close to the
one already chosen in previous studies [24–26]. The bi-
layer compositions chosen with Simulsol n = 6 are the
following: L89/S11, L62/S38, L56/S44, L37/S63, L27/73
and L0/S100. We later use the total lecithin plus Simul-
sol volume fraction φlip (water volume fraction 1 − φlip)
in addition to the L/S molar ratio for describing sample
compositions.

2.2 Microscope observation

For all the samples studied, we have recorded images in
polarised light microscopy with moderate magnification
(data not shown) as lamellar phases should be optically
anisotropic. We used a Olympus BX 51 microscope with
crossed polarizers for observing samples sandwiched be-
tween a glass slide and a coverslip, without special pre-
cautions for ensuring a constant optical path but prevent-
ing water evaporation by means of a UV-curing glue. A
weakening birefringence as hydration increases is always
observed, without obvious indications of any kind of phase
coexistence for the samples later retained for structural
characterisations.

2.3 X-ray scattering

Equilibrated samples are introduced into cylindrical
quartz capillaries with a nominal diameter 1.5mm that
are further flame-sealed. Diffractograms are recorded on
a Bruker Nanostar machine equipped with a Hi-Star de-
tector, also from Bruker. A crossed-coupled pair of Göbel
mirrors (Bruker) selects the λ = 1.5418 Å radiation of a
Copper source (Siemens) operated at 40 kV and 35mA.
A 3-pinhole system is used for collimating the incident
beam, with a size (FWHM) at sample position ca. 0.43mm
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in both vertical and horizontal directions. The sample-to-
detector distance, found close to 0.25m, is calibrated using
Silver behenate as standard. From the Gaussian width of
the first order Bragg peak of Silver behenate, we estimate
a resolution width (FWHM) Δq ≈ 2.0 × 10−2 Å−1. The
scattering wave vectors that are practically accessible af-
ter subtracting the signal of a reference (water) capillary
range from 0.04 Å−1 to 0.8 Å−1.

For accessing to higher scattering wave vector val-
ues (typically 0.12–2.2 Å−1), we use a custom-made in-
strument with a Copper rotating-anode–based setup and
crossed-coupled pair of Göbel mirrors, both from Rigaku,
3-pinhole collimation and a mar345 image plate detector
(marXperts GmbH). At contrast with the Bruker system,
only the collimation flight path is evacuated.

Acquisition times on both instruments are typically
2 to 4 hours, depending on the hydration level of sam-
ples. Temperature, fixed at 20 ◦C, is controlled to within
±0.2 ◦C by a water circulation system. The 2D detector
images are most often characteristic of unoriented sam-
ples, and data is therefore azimuthally averaged to yield
(normalised) intensities I vs. scattering wave vector q
curves.

3 Experimental results and discussion

3.1 General features

For all the studied samples, the mixed lipid-surfactant bi-
layer is in its fluid (Lα) state, as evidenced by the presence
of a broad peak in scattered intensity centred at 1.4 Å−1,
characteristic of the disordered packing of aliphatic chains
at the molecular scale (data not shown). This kind of pack-
ing is expected at room temperature for C18 aliphatic
chains bearing unsaturated bonds. At high hydration lev-
els, a hump gradually appearing at about 1.8 Å−1 as φlip

decreases becomes a separate broad peak. It corresponds
to the liquid phase of water.

At larger scales, the periodic stacking of the fluid bi-
layers in a lamellar phase is evidenced by the presence of
2 to 4 Bragg peaks associated to wave vectors in the se-
quence (1:2:3:4), except for a range of rather dehydrated
samples with Simulsol n = 16 where two distinct sets of
separately regularly spaced Bragg peaks indicate a phase
coexistence between “swollen” and “collapsed” lamellar
structures. Note that phase separation is not observed at
the macroscopic scale in the corresponding sample vials,
nor with polarised optical microscopy, a feature not un-
common at low hydration in lamellar stacks of surfactant
bilayers [21].

Qualitatively speaking, it is possible to split the
diffractograms for one-phase samples in two categories,
one associated to lipid volume fraction φlip larger than
∼ 0.65, where, as will be detailed below, bilayers are “con-
fined”, the second category being associated to more hy-
drated systems, and “swollen” bilayers. As displayed for
illustration in fig. 1, a larger number of better defined
Bragg peaks, together with less diffuse intensity are char-
acteristic for the lamellar stacking of “confined” bilayers,

 0  0.1  0.2  0.3  0.4  0.5  0.6
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Fig. 1. Characteristic diffractograms in the concentrated (◦,
φlip = 0.86) and diluted (�, φlip = 0.37) regimes for Simulsol
n = 6 and bilayer composition L37/S63. The data point dis-
persion around the “mean” features of both diffractograms is
representative of the measurement errors for the (background-
corrected) scattered intensities. Errors are consistently larger
for low-scattering regions and the less concentrated sample.
Fitted values found for the φlip = 0.86 (respectively, φlip =
0.37) sample: � = 4.61 nm, η = 9 × 10−3, δH = 1.34 nm,
δT = 0.99 nm and rρ = −1.25 (respectively, � = 8.8 nm,
η = 0.35, δH = 1.23 nm, δT = 0.99 nm and rρ = −1.50).

while the reverse is true for “swollen” bilayers. There is
no obvious effect of the Simulsol length, nor of the Simul-
sol fraction on the existence of the two categories and the
boundary between categories does not vary strongly ei-
ther. In the particular case of the phase coexistence which
is observed for 0.75 ≥ φlip ≥ 0.60 with Simulsol n = 16
and bilayer composition L80/S20, the small-angle scatter-
ing data may be considered as resulting from a weighted
combination of “confined” and “swollen” diffractograms,
with a decreasing weight for the “confined” component as
hydration increases. Note that a comparable phase coex-
istence was observed in a similar, though narrower, hydra-
tion range with Simulsol 〈n〉 = 10 [26]. Long hydrophilic
co-surfactant heads might therefore be responsible for the
phase separation phenomenon, whereas short heads could
stabilise the one-phase lamellar domain in the phase dia-
gram.

All the recorded diffractograms are fairly well de-
scribed by the standard interplay between form factor
(diffuse scattering) and structure factor (Bragg scatter-
ing) features of our model [27], as shown by the fitted
continuous lines in fig. 1 (see1). This indicates that, in
spite of its known intrinsic limitations at very small angles
(where the finite size of the scattering domains becomes an

1 As a technical remark, it is worth mentioning that, despite
an apparent larger departure of the fitted curve from the ex-
perimental data for the less concentrated sample in fig. 1, fit
“qualities”—as they are defined in ref. [28]—are comparable
all along dilution curves for a given bilayer composition.
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Fig. 2. Schematic representation of the electron density profile
along z according to the double square well model.

issue), as well as at large angles (where incompressibility
and Porod approximations no longer hold and molecular
details should be accounted for), the model description
in terms of a structurally two-component system, namely
bilayer and solvent, remains satisfactory. Apart from the
stacking period � which, by the way, is most often also
directly read with a good accuracy from the scattering
data, the model gives the values for the following fitted
parameters: Caillé parameter η, eq. (1), heights δH and δT

along z—as far as the scattering contrast is concerned—of
the hydrophilic (head) and hydrophobic (tail) components
of half a bilayer and rρ ≡ Δ�T /Δ�H , ratio between, re-
spectively, the electronic densities—relative to solvent—of
the tail (Δ�T ) and of the head (Δ�H) components of the
bilayer—refer to fig. 2 for a schematic representation of the
corresponding electron density profile. The internal con-
sistency of the model obviously requires 2(δT + δH) < �
to be obeyed. Apart from exceptional cases, limited to at
worst two of the less hydrated samples in a given series of
typically 15 samples2, this inequality always holds true.

3.2 Dilution laws

The so-called dilution laws, or evolution of the stacking
parameter � with hydration for a given bilayer composi-
tion, exhibit quite conspicuous features, as shown in fig. 3
(effect of hydrophilic chain length) and fig. 4 (effect of
bilayer composition). Except in the case of the L0/S100
system, i.e. pure Simulsol n = 6 bilayers, the inverse pro-
portionality between � and φlip associated to the simple
geometric model where constant thickness and identical
platelets, parallel to each other, are periodically stacked
in space is never observed. The straight line that approx-
imately describes the dilution law at low hydration for
Simulsol n = 6 in fig. 3 should not be misinterpreted in
simple geometric terms, because it does not go through
the origin, as it should, if � were actually proportional to
φ−1

lip (dotted line in fig. 3). More elaborate geometric mod-
els have been proposed to account for deviations from the
“ideal” dilution law, for instance by considering the excess
area stored in the thermal undulations of the bilayers [33].
Though generically weak, this latter effect has been exper-
imentally reported for very flexible bilayer stacks [34–36],
but it is not relevant here for the reason already given in

2 The corresponding samples have of course been excluded
from all the remaining discussions.
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Fig. 3. Dilution law for systems with different Simulsol hy-
drophilic heads: n = 16 (◦), n = 6 (�). Bilayer compositions
L80/S20 and L56/S44, respectively. With Simulsol n = 16,
there is a phase coexistence at low overall hydration be-
tween “collapsed” and “swollen” lamellar phases. Dotted (re-
spectively, continuous) lines are linear fits constrained to go
through the origin (respectively unconstrained) to the whole
(respectively low hydration part) n = 6 data.
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Fig. 4. Dilution law for the system with Simulsol n = 6
and various bilayer compositions: L89/S11 (�), L56/S44 (�),
L37/S63 (◦), L27/S73 (•) and L0/S100 (�). The continuous
line corresponds to the geometric law � = δ/φlip with a bilayer
thickness δ ≈ 5.1 nm.

ref. [26]: The deviations we observe are below, instead of
being above the “ideal” law—as would be the case if ex-
cess area were stored in undulations. We therefore propose
an alternative geometric interpretation that takes explic-
itly into account the lateral compressibility of the (two-
component) bilayers, nevertheless considered for simplic-
ity to remain flat. Consider a piece of bilayer with area
A within a lamellar structure of stacking parameter �.
It is built by the self-assembly of NL, respectively NS ,
molecules of type L (respectively S) with molecular vol-
ume vL (respectively vS), a single molecule occupying an
area ΣL (respectively ΣS) at any of the two bilayer-solvent
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Fig. 5. Dilution law in terms of the effective volume to effec-
tive area ratio v̄/Σ̄ computed from �φlip/2 for the system with
Simulsol n = 6 and various bilayer compositions: L89/S11 (�),
L56/S44 (�), L37/S63 (◦), L27/S73 (•) and L0/S100 (�). The
horizontal line corresponds to half the geometric thickness of
the pure Simulsol n = 6 bilayer δ/2 ≈ 2.53 nm. Inset: Com-
parison between Simulsol n = 6 (�) and n = 16 (◦) for bilayer
compositions L56/S44 and L80/S20, respectively.

interface. Because of the structure periodicity, the bilayer
volume fraction φlip is locally expressed as

φlip =
NLvL + NSvS

A�
, (4)

with, similarly

2A = NLΣL + NSΣS . (5)

This results in a geometric dilution law of the following
form:

� = 2
v̄

Σ̄
× 1

φlip
, (6)

where v̄ is an effective molecular volume xvS + (1− x)vL,
Σ̄ an effective interfacial molecular area xΣS + (1−x)ΣL

and x denotes the mole fraction of species S in the mixed
bilayer. From eq. (6) rephrased as v̄/Σ̄ = �φlip/2, the non-
linear dilution laws displayed in figs. 3 and 4 for Simulsol
n = 6 point to confinement-induced changes in the lateral
stacking properties of the molecules within a bilayer, i.e.
changes in ΣS or ΣL values, as incompressibility ensures
that vL and vS remain constant.

According to the geometric considerations leading to
eq. (6) above, it appears significant to display the dilu-
tion law in terms of �φlip/2 as a function of hydration,
as in fig. 5. Such a representation indeed evidences for
the system under study the coupling between vertical,
hydration-driven, and lateral confinement of the molecules
self-assembled in stacked bilayers. Except for pure Simul-
sol n = 6 where a (nearly constant) bilayer thickness can
be defined by the ratio 2vS/ΣS , which implies a constant
interfacial area per Simulsol molecule ΣS and, therefore,
bilayers loosely coupled across solvent layers whatever the
hydration level, the bilayers are strongly coupled along

z for all other bilayer compositions. Such a strong cou-
pling is, of course, quite common in the lamellar stacks
of pure lipids [37, 38], which usually cannot incorporate
large amounts of solvent, and it is indeed observed here
with pure lecithin (L100/S0 system, vL/ΣL ≡ �φlip/2 in
the order of 1.9 nm—data not shown). It is also interest-
ing to notice that, for the bilayer composition L56/S44
and Simulsol n = 6, �φlip/2 is nearly constant (with a
value ≈ 1.8 nm) in the hydration range where a lamellar-
lamellar phase coexistence is observed with a similar bi-
layer composition and Simulsol n = 16. We come back
to these points when discussing bilayer fluctuations and
electronic structure, sects. 3.3 and 3.4 below.

Replacing Simulsol 〈n〉 = 10 by a co-surfactant with
a shorter hydrophilic head n = 6 yields to a clear effect
on the dilution limit of the system: The limiting stack-
ing period �max beyond which any amount of additional
solvent cannot be incorporated within the lamellar struc-
ture and remains in excess monotonically increases with
the amount of Simulsol n = 6 in the bilayers. It is even
possible that �max for the pure Simulsol system L0/S100
is infinite—in any case too large to be measured with our
present experimental capabilities. Such a behaviour is to
be expected when approaching or crossing the so-called
unbinding transition [39–41] where long-range thermally
induced undulation (repulsive) interactions between bilay-
ers overcome attractive (e.g. van der Waals) interactions.
In sect. 3.3 below, we characterise bilayer flexibility and
interactions by means of the Caillé parameter, and discuss
the unbinding transition in more quantitative details.

3.3 Fluctuating stacked bilayers

For the reasons given in the Introduction, the elastic prop-
erties of a lamellar stack of bilayers are key to understand-
ing the stability of such self-assembled systems. They also
control the magnitude of thermally induced fluctuations
in bilayer conformation (“undulation” fluctuations) and
inter-bilayer separation (“compression/dilation” fluctua-
tions). The Caillé parameter η is useful for characteris-
ing those fluctuations, albeit not completely because un-
dulation and compression/dilation elastic constants are
merged together in its expression, eq. (1).

From the data displayed in fig. 6 for Simulsol n = 6 and
bilayer composition L56/S44, a conspicuous change in the
regime of bilayer fluctuations can be spotted at a stacking
parameter �∗ about 6 nm, corresponding to φlip = 0.6.
Less hydrated samples are indeed characterised by the
“confined” type diffractograms of sect. 3.1, “swollen” type
diffractograms being associated to more hydrated systems.
With again the exception of the pure L0/S100 Simulsol
n = 6 system—where “swollen” type diffractograms are
observed along the whole dilution line—, a similar kink in
the η(�) curves is observed for all other bilayer composi-
tions, with �∗ increasing from ≈ 5.6 nm to ≈ 6.8 nm when
the lecithin content decreases from 89% to 27%.

Despite the above-mentioned singular case of the
L0/S100 system, the overall evolution of the Caillé
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Fig. 6. Caillé parameter as a function of hydration for the
Simulsol n = 6 system with bilayer composition L56/S44. In-
set: The continuous line is a fit to the Milner-Roux model—see
text for details. Below the stacking parameter �∗ = 6nm where
diffractograms are typical of “collapsed” bilayers, the extrapo-
lated model is displayed as a dotted line.
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Fig. 7. Caillé parameter as a function of hydration for the
Simulsol n = 6 system and bilayer compositions L89/S11 (�),
L56/S44 (�), L37/S63 (◦), L27/S73 (•), L0/S100 (�). The
thick line is a fit of eq. (8) to data corresponding to the pure
Simulsol system (�). The dotted line is an extrapolation of
the same equation to smaller values of � where pure Simulsol
bilayers do not stack yet in a lamellar structure. Inset: Close-
up of the same data for lesser hydration. The dotted line is
drawn according to eq. (8), while the two thick lines are fits
of the Milner-Roux model, eq. (13), to the L37/S63 (◦) and
L27/S73 (•) data (“swollen” type diffractograms only), with
δ = 4.4 nm, �max = 9.6 nm and δ = 4.7 nm, �max = 12 nm,
respectively.

parameter with hydration and bilayer composition some-
how follows a kind of “universal” behaviour, shown in
fig. 7, as already observed with the longer Simulsol 〈n〉 =
10 [26].

It is worth mentioning here that a truly universal
behaviour for the Caillé parameter is the natural con-
sequence of eq. (2) and eq. (3) when the only relevant

interaction between bilayers stems from Helfrich undula-
tion mechanism, that is to say the configurational entropy
loss resulting from “collisions” between adjacent bilayers,
somehow similarly to the mechanism leading to a univer-
sal pressure law for ideal gases. In this particular case, the
free energy per unit bilayer area associated to sterically
restricted bilayer undulations in a lamellar stack of period
� expresses as [7–9]

VH(�) =
3π2

128
(kBT )2

κ

1
(� − δu)2

. (7)

In eq. (7) δu, mathematically defined as a limiting min-
imum value for �, is physically to be interpreted as the
steric thickness of the bilayers: When � reaches δu, undu-
lation fluctuations are sterically wholly forbidden and the
free energy becomes infinite3.

With the definition for η given by eq. (1), eq. (7) im-
mediately leads to

η =
4
3

(
1 − δu

�

)2

, (8)

an expression “universal” in the sense that it does not
dependent on the bilayer bending modulus κ, a system-
dependent property. The continuous line drawn in fig. 7
corresponds to the model of eq. (8), with parameter δu fit-
ted to the data for the pure L0/S100 Simulsol system. The
fitted value is found to be 4.6 nm, reasonably close to the
value δ ≈ 5.1 nm resulting from the analysis of the dilution
law for the same system, sect. 3.2. Somehow unexpectedly,
the model also apparently gives a broadly satisfactory de-
scription for all η values, that is to say even when di-
rect couplings between adjacent bilayers—presumably by
means of long-range van der Waals attractions or polymer-
mediated steric repulsions—cannot be neglected as shown
in the discussion following fig. 5, sect. 3.2.

Taking into account in a perturbative way van der
Waals attractions between lipid bilayers (and, possibly,
other relevant interactions), as proposed by Milner and
Roux in ref. [41], provides an argument for—at least,
partially—interpreting the latter observation. In this ap-
proach, a virial-like term, expressed to the lowest pertur-
bative order as −kBTχφ2

lip, is merely added to the Helfrich
free energy per unit volume of the lamellar stack. Parame-
ter χ here is analogous to the correction to the hard-sphere
result for the virial coefficient in the thermodynamic de-
scription of non-ideal gases, and is defined to be positive in
the presence of attractive interactions [41]. In terms of free
energy per unit bilayer area, eq. (7) is thus to be replaced
by:

V (�, φlip) = VH(�) − � × kBTχφ2
lip (9)

since there is exactly one piece of bilayer with area A
in the cylindrical volume of height � extending along the
stacking axis above a base A.

It is important to pay due attention to the immediate
and unavoidable consequence of such a “virial” approach:

3 In the gas analogy, the excluded-volume parameter of the
van der Waals pressure equation plays a role very similar to δu.
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The free energy now intrinsically depends on two indepen-
dent variables, namely � and φlip, with the dilution law,
namely the relation between � and φlip, in principle to be
deduced from the overall thermodynamic properties of the
system. In the present case, as discussed in sect. 3.2, longi-
tudinal and lateral confinements (as quantified by � and,
for instance, the effective volume to effective area ratio
v̄/Σ̄, respectively) are strongly coupled and this implies
explicitly taking into account the thermodynamic contri-
bution of the in-plane stretching of bilayers to the system
free energy [42]. On the other hand, the validity of the
virial expansion requires interactions between bilayers to
be, somehow, “weak” enough to be treated perturbatively.
In such a limit, the dilution law is expected to be of the
simple form � ∝ 1/φlip.

Fostered by the considerable success—at least, qualita-
tively speaking—of the van der Waals model of non-ideal
gases in describing the liquid-gas phase separation, a phe-
nomenon well beyond the a priori validity of the pertur-
bative hypotheses, we tentatively use the virial approach
to the thermodynamics of lamellar stacks by altogether
neglecting the effects of interactions on the dilution law.
In other words, we assume in the following that � and φlip

are actually not independent variables and, therefore, still
use eq. (3) in order to compute the compression modu-
lus B.

Ignoring for simplicity the difference between “geomet-
ric” δ ≡ �φlip and “steric” δu bilayer thicknesses, the com-
pression modulus is readily obtained as

B =
9π2

64
(kBT )2

κ

�

(� − δ)4
− 2kBTχ

δ2

�2
. (10)

In strong analogy with non-ideal gases in the presence
of attractive interactions, the virial approach to undulat-
ing lamellar stacks of bilayers implies, when χ is positive,
the existence of a dilution limit, that is to say a maximal
�max (or a maximal amount of solvent) beyond which any
added solvent will phase-separate with a lamellar stack of
period �max [41]. A common tangent construct with the
free energy per unit volume drawn as a function of φlip

leads to the following relation:

3π2

64
kBT

κ

φ∗
lip

(1 − φ∗
lip)3

= χδ3 (11)

between the lipid volume fraction at the dilution limit,
φ∗

lip, and the other physical parameters characterising the
lamellar stack. In terms of stacking period, � = δ/φlip

and, therefore, �max = δ/φ∗
lip, eq. (11) may then be used

to eliminate the (positive) parameter χ in eq. (10). The
compression modulus expression is thus recast as

B =
9π2

64
(kBT )2

κ

�

(� − δ)4

×
{

1 − 2
3

(
�max

�

)2 (� − δ)4

�(�max − δ)3

}
. (12)

Note that the unpertubed limit where χ = 0—eq. (9)
merges with eq. (7)—corresponds to φ∗

lip = 0 as a solution
to eq. (11) and, therefore, �max being formally infinite.

Table 1. Parameters δ and �max from the Helfrich limit
(L0/S100 sample, where �max is actually infinite—see remark
below eq. (12)) or full Milner-Roux description of the Caillé
exponent η—other samples, except L89/S11 that cannot be
described by eq. (13). For sample L89/S11, the value �max then
comes from the dilution law data. Parameter 2v̄/Σ̄ is a rough
estimate for the geometric bilayer thickness coming from data
displayed in fig. 5. Stacking parameter �∗ separates “confined”
from “swollen” type diffractograms. All values in nanometres.

2v̄/Σ̄ δ �∗ �max

L89/S11 ≈ 2.6 undef. 5.6 6.5

L56/S44 ≈ 3.0 4.4 6.0 9.1

L37/S63 ≈ 3.1 4.4 5.8 9.6

L27/S73 ≈ 3.2 4.7 6.8 12.0

L0/S100 ≈ 5.1 4.6 < 7.8 +∞

Because the present approach almost entirely neglects
the coupling between adjacent bilayers, apart from the
perturbative virial contribution, it seems adequate to keep
eq. (2) as a valid description of the smectic splay constant
K. With this last hypothesis, the Caillé exponent is pre-
dicted to be

η =
4
3

(
1 − δ

�

)2

×
{

1 − 2
3

(
�max

�

)2 (� − δ)4

�(�max − δ)3

}−1/2

. (13)

Even though, similarly to the shortcomings of the van der
Waals theory of non-ideal gases, a wholly quantitative and
rigorous description of the lamellar phase is missing, fig. 6
as well as the inset in fig. 7 quite convincingly illustrate
the capabilities of the perturbative Milner-Roux approach
for predicting, at least when � remains greater than �∗,
the evolution with hydration of the Caillé exponent when
not too strong attractive interactions effectively bind the
stacked bilayers at a finite dilution limit �max. Fitted val-
ues of the parameter δ clearly often overestimate their
closest experimental counterpart, namely 2v̄/Σ̄ (fig. 5),
but dilution limit parameters �max are nicely consistent
with the experimental estimates that can be read in fig. 4
or 5—see table 1 for the relevant numerical values. In ad-
dition, the departure from above from the simple predic-
tion of eq. (8) is very satisfactorily described in the high-
hydration side of the dilution range.

3.4 Bilayer electronic structure

Apart from the structure factor parameters � and η dis-
cussed in the previous two Sections, form factor param-
eters are also derived form the diffractogram analysis. In
the double-square well model of the electronic structure
used here [27,43], these amount to two heights δH , δT , and
one contrast ratio rρ—see also sect. 3.1 and fig. 2. It will
turn out convenient to consider the “scattering” thickness
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Fig. 8. Scattering thickness δe as a function of hydration
for the Simulsol n = 6 system with bilayer composition
L27/S73. The �∗ value separating “collapsed” from “swollen”
type diffractograms is marked by the vertical dotted line. The
continuous lines are guides for the eye.
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Fig. 9. Variation with hydration of the bilayer contrast ratio
rρ for the Simulsol n = 6 system with bilayer composition
L27/S73. The �∗ value separating “collapsed” from “swollen”
type diffractograms is marked by the vertical dotted line. The
continuous lines are guides for the eye.

δe of a bilayer, defined by δe = 2(δH + δT ), presumably
close, but not necessarily equal, to the other two bilayer
geometric characteristics introduced previously, namely
the “dilution law” thickness or �φlip (sect. 3.2) and the
“steric” thickness δu (sect. 3.3).

Figures 8 and 9 illustrate for the Simulsol n = 6 sys-
tem with bilayer composition L27/L73 the evolution of
the scattering thickness δe and contrast ratio rρ parame-
ters, respectively, when hydration increases. As expected
for the typical “core-shell” electronic density contrast of
amphiphilic bilayers self-assembled in water, the param-
eter rρ remains negative along the whole dilution line.
The non-monotonous behaviour here observed for both
δe and rρ, however, is quite conspicuous. In particular, it
is not readily apparent for the bilayer thickness associated

to the dilution law, �φlip (or 2v̄/Σ̄), compare with fig. 5
in sect. 3.2. Still, characteristic values for the stacking
period, separating two distinct regimes, may be defined:
At low hydration the form factor parameters δe and rρ

are constant—or decreasing—when hydration increases,
whereas both increase significantly at higher hydration.
The precise value for the stacking period between the two
regimes is not found to be the same in the two data sets,
but falls in the range 6–7 nm, typically associated to a lipid
volume fraction around 0.65. It is also quite close to pa-
rameter �∗ that separates “confined” bilayer systems from
“swollen” ones—see sects. 3.1 and 3.3—and will therefore
be represented by the same symbol.

From these converging experimental evidences, we pro-
pose that a vertical confinement-induced transition in the
surfactant chain conformation is at the origin of the dis-
tinction between “confined” and “swollen” bilayer stacks.
As already suggested in ref. [26], the polar (non-ionic)
part of Simulsol may be considered as a (short) polymer
grafted onto any of the two bilayer-solvent interfaces of
each bilayer, with “mushroom” or “brush” conformations
depending on the grafting density, i.e. composition-driven
lateral confinement. For such a simple view to be correct,
however, adjacent bilayers should not be coupled by, say,
overlapping chains belonging to distinct bilayers. Quali-
tatively speaking, three regimes for the hydrophilic com-
ponent of the bilayers have thus to be distinguished as a
function of hydration:
High hydration limit: The amount of water between bi-

layers is large enough for the grafted polymer to be
in its unperturbed conformation—either “mushroom”-
like or “brush”-like, depending on grafting density.
Bilayers interact only weakly. The “virial” approach
should be valid. In this regime, both δe and rρ are
expected to remain constant.

Medium hydration range: “Mushrooms” (or “brushes”,
depending on bilayer composition) from adjacent bi-
layers start to overlap in their common water channel.
Because water at room temperature is a good solvent
for ethoxylated chains, there is an effective repulsion
between chains, with consequently a lesser vertical ex-
tension for either the “mushrooms” or the “brushes”
if enough space is left for them to spread laterally.
The bilayer hydrophilic thickness (as described by pa-
rameter δH) decreases when hydration decreases. As
the polar part of Simulsol now crowds the whole wa-
ter channel, the double-square well model for the elec-
tronic density presumably becomes less adequate but,
if still used, it also predicts that the contrast parameter
Δ�H decreases when hydration decreases. This some-
how counter-intuitive property results from the “sol-
vent” layer in the contrast model being richer in elec-
trons, as compared to pure water, because it now hosts
a fraction of the ethoxylated chains grafted onto the bi-
layers. The stronger interactions between closer bilay-
ers do not affect yet parameter δT (describing the bi-
layer hydrophobic component) and, because the refer-
ence level in the solvent layer has changed, the contrast
parameter Δ�T becomes even more negative. In this
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regime, both δe and rρ gradually decrease when hy-
dration decrease. Though stricto sensu no longer valid,
the “virial” approach to bilayer interactions keeps its
heuristic usefulness.

Highly dehydrated limit: Ethoxylated chains from adja-
cent bilayers overlap strongly and the distinction be-
tween “mushroom” and “brush” conformations is no
longer relevant. In the now highly crowded water-
containing channels, the polar heads of lecithin also
interact strongly. This leads to a rather drastic change
in lipid and surfactant molecular conformations that
our present approach cannot fully apprehend. Ten-
tatively still using the (rather primitive in this con-
text) double-square well, bilayer—solvent model, such
a drastic change is indirectly evidenced by the cusp
(in η(�) data) or jump (as far as δe or rρ are con-
cerned) associated to what appears as a transition from
“swollen” to “confined” lamellar stacks.

All the available data is broadly consistent with the above-
described scheme. In particular, implicit for the high hy-
dration regime, and assumed at medium hydration, pa-
rameter δT associated to bilayer hydrophobic components
indeed remains nearly constant (within ±5%, data not
shown) in the corresponding hydration ranges. In addi-
tion, the dilution features of parameters δe or rρ fol-
low similar trends as displayed in figs. 8 and 9, respec-
tively, whatever the bilayer lecithin-to-Simulsol composi-
tion ratio—except that dilution lines may be truncated
at high (with lecithin-rich samples) or low (pure Simulsol
system) hydration.

A tendency for �∗ to increase with the amount of
Simulsol incorporated into the bilayers, already observed
when first discussing the “confined”-to-“swollen” transi-
tion in terms of Caillé exponent, may also be detected in
those δe(�) and rρ(�) curves where �∗ is clearly marked. A
(tentative) explanation for this behaviour may be sought
in the theoretical description of compressed brushes given
in ref. [44]. In the limit where h/h∗ � 1, where h is half
the separation between two parallel plates, each bearing
grafted polymer layers with an equilibrium thickness h∗,
the free energy per grafted chain is given, in reduced units,
by [44]

F = N2wσ/h, (14)

where N is the number of monomers per chain, w the
excluded-volume parameter and σ the surface coverage.
If the brush analogy is relevant for Simulsol hydrophilic
heads interacting across the water channels of a (highly
dehydrated) lamellar stack, then surface coverage σ in-
creases with the bilayer Simulsol content x, and h should
be identified with �/2 − δT . The drastic change in bilayer
structure taking place when � becomes smaller than �∗

could be induced by the free energy per chain, eq. (14),
reaching a critical threshold F∗. This hypothesis would
lead to the prediction

�∗ = 2
(

δT +
N2wσ

F∗

)
, (15)

in qualitative agreement with observations since δT does
not vary strongly with bilayer composition.

4 Conclusion

The interplay between soft confinement and steric effects
has been studied in lamellar stacks of mixed lecithin-
Simulsol bilayers, varying both hydration and bilayer com-
position, that is to say both vertical and lateral confine-
ment of the co-surfactant.

Apart from its well-documented role in increasing bi-
layer flexibility, the co-surfactant also has a clear effect
on bilayer interactions, increasing their repulsive compo-
nent. This effect is directly observed from the increase of
the dilution limit �max with Simulsol content, as well as
indirectly, from the Caillé exponent values η extracted by
modelling the X-ray diffractograms [27,28].

Interactions between bilayers are satisfactorily de-
scribed, at least at higher hydration, in the virial approach
of the so-called “unbinding” transition proposed by Milner
and Roux [41].

In the highly dehydrated limit where, for steric rea-
sons, the vertical confinement of the hydrophilic com-
ponents of the bilayer is strongly coupled to the lateral
confinement, a structural transition occurring in the lipid
and co-surfactant molecular conformations is invoked as a
mechanism to explain the evolution, observed experimen-
tally, from “swollen” to “confined” regimes. The bilayer
structural transition may be triggered by the “brush”
compression energy stored in the Simulsol hydrophilic
block, a hypothesis that remains to be confirmed by sys-
tematically varying the hydrophilic block length n—an
experimental study presently in progress.

The bilayer structural transition may also explain the
lamellar-lamellar phase coexistence observed at low hydra-
tion with longer Simulsol molecules. Indeed, as has been
shown by Silva et al. [45] in the context of catanionic
lamellar structures in water, confinement effects with a
strong impact on bilayer structure—through a counter-ion
condensation mechanism in ref. [45]—and, consequently,
on interactions between bilayers may lead to such phase
coexistences. The influence of the Simulsol hydrophilic
block length n, as well as Simulsol content in the mixed
bilayers on the phase separation phenomenon is therefore
of definite interest. The corresponding study has been un-
dertaken.

Overall, a better knowledge of the lamellar stack free
energy would be desirable, in particular for a better de-
scription of the dilution law when vertical and lateral con-
finement effects are strongly coupled, which is the com-
mon situation for most of the studied systems. Such a
knowledge may help in understanding the occurrence of
“confined” and “swollen” systems and, specifically, the
lamellar-lamellar phase coexistence at low hydration ob-
served with longer Simulsol, which may be associated to
the ability of the mixed lipid-Simulsol layered structure to
bind, e.g. DNA fragments [23–25].
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